A combination of scanning Hall microscopy and scanning ac-susceptibility measurements in superconducting stripes ͑ribbons͒ of width w Ͻ 10 m was used to observe the dimensional phase transitions of the vortex lattice and its stability under alternating fields. At low dc magnetic fields applied perpendicularly to the plane of the stripes, vortices form a one-dimensional chain at the center of the stripes. Above a certain field H ‫ء‬ ͑w͒, the vortex chain splits in two parallel rows displaced laterally in such a way that a zigzag vortex pattern is observed. By shaking the vortices with an external magnetic ac field and detecting their in-phase motion locally, we can identify the degree of mobility of each individual vortex. This technique allows us ͑i͒ to directly visualize the transition from intravalley ͑Campbell regime͒ to intervalley vortex motion as the amplitude of the ac modulation is increased and ͑ii͒ to accurately determine the temperature at which the vortex lattice freezes in a field-cooling experiment. The hallmark of type II superconductivity is the presence of quantized magnetic flux encircled by a rotating condensate of paired electrons when a sufficiently strong magnetic field is applied. The free motion of these fluxons leads to dissipation thus destroying the perfect conductivity of the system. The ever growing electricity demand has motivated for several decades a fierce strive for understanding, improving, and optimizing the mechanisms to prevent the fluxon's motion by introducing a rich diversity of pinning centers.
The hallmark of type II superconductivity is the presence of quantized magnetic flux encircled by a rotating condensate of paired electrons when a sufficiently strong magnetic field is applied. The free motion of these fluxons leads to dissipation thus destroying the perfect conductivity of the system. The ever growing electricity demand has motivated for several decades a fierce strive for understanding, improving, and optimizing the mechanisms to prevent the fluxon's motion by introducing a rich diversity of pinning centers. 1 Among the most powerful experimental methods used to determine the efficiency of pinning sites is the ac-susceptibility technique which consist of shaking the flux-line lattice with a small alternating magnetic field while recording its in-phase magnetic response. 2 Pioneering theoretical works by Campbell and co-workers substantially contributed to comprehend and interpret the ac response of a superconducting system. 3, 4 In the most simple version, two different regimes with distinctive ac responses can be identified. For a gentle ac shacking, flux lines oscillate inside the pinning potential following a reversible and low dissipative motion ͑Campbell regime͒. By increasing the strength of the ac excitation, the intravalley vortex motion first senses the anharmonicities of the potential well and eventually switches to an intervalley motion where vortices can hop from one pinning site to another. 5 So far, all the experimental and theoretical reports are focused on global ac-susceptibility investigations where the recorded signal represents an average over millions of flux lines each of which trapped in a different pinning potential and subjected to a different environment. [6] [7] [8] In this paper, we introduce a local vortex imaging technique with singlevortex resolution which allows us to directly visualize the oscillatory motion of individual vortices submitted to harmonic ac excitations. The system to investigate consists of superconducting ribbons which, due to the proximity of the flux lines to the border, are particularly suitable for an efficient vortex shaking with an alternating external field. Scanning Hall microscopy characterization of the superconducting stripes done after field-cooling procedure shows that at low fields, vortices sit at the center of the stripes forming a one-dimensional chain. At higher fields, this chain becomes unstable due to the strong vortex-vortex interaction and it splits in two lines of vortices. By scanning ac-susceptibility microscopy ͑SSM͒, we demonstrate that, due to symmetry considerations, vortices located at the center of the stripe cannot be displaced by the external ac field. In contrast to that, off-center vortices which are either trapped by a pinning center or due to a zigzag vortex configuration, can be easily excited by the external ac field. We present direct observation of the transition from intravalley to intervalley vortex motion by performing SSM at different ac amplitudes. Furthermore, this technique also allows us to unambiguously determine the temperature at which the flux-line lattice is frozen in a typical field-cooling procedure.
The investigated samples consist of Pb ribbons 0.5 mm long, 50 nm thick, and width ranging from 4 to 9 m in steps of 1 m. The patterning was performed by e-beam lithography onto a SiO 2 substrate covered with a double resist layer. The Pb deposition was done via electronbeam evaporation at 10 −8 Torr nominal pressure while cooling the substrate with liquid nitrogen. The resulting stripes exhibit a superconducting transition at T c = 7.20 K with a residual resistivity 0 = 1.75 ⍀ cm. From the slope of the superconducting-normal phase boundary and 0 , we estimate, following Ref. 9, a superconducting coherence length at zero temperature ͑0͒ϳ34 nm and penetration depth ͑0͒ϳ52 nm.
In order to identify the field at which vortices first penetrate into the superconducting stripes and the different vortex configurations occurring at higher fields, we first acquired a series of scanning Hall-probe microscopy ͑SHPM͒ images using a modified low-temperature scanning Hallprobe microscope from Nanomagnetics Instruments. 10 In all cases, a field-cooling procedure is made before scanning the Hall probe at a scan speed of 60 m / s. Figure 1 summarizes the different vortex configurations obtained at different fields and for several widths w of the Pb ribbons. Two characteristic fields, H p and H ‫ء‬ , are indicated in this figure. For H Ͻ H p , the stripe is in the Meissner state as shown in Fig. 1͑a͒ for the 5-m-wide sample. At H = H p , the first vortex enters into the stripe ͓see Fig. 1͑b͒ and the corresponding point in the main panel͔. Further increasing the field leads to the penetration of additional vortices and consequently to a progressive compression of the vortex row ͓Figs. 1͑c͒-1͑g͔͒. At H = H ‫ء‬ , the vortex row undergoes a buckling transition and splits in two chains forming a zigzag pattern ͓Fig. 1͑h͔͒. As expected, the wider the stripe the shallower the confining potential and therefore the smaller H ‫ء‬ . 11 Interestingly, further increasing the field, first an almost square array of vortices is observed 12 before a more disordered configuration is achieved. The field H p at which the first vortex penetrates in narrow stripes and the formation of different vortex patterns have been previously investigated both theoretically [12] [13] [14] [15] [16] [17] [18] [19] [20] and experimentally. [21] [22] [23] [24] [25] [26] [27] [28] Similarly to early scanning Hall experiments performed by Stan et al. 27 in Nb stripes, our determination of H p is about four times larger than the one predicted theoretically.
In order to investigate the stability of the different vortex configurations under small ac excitations, we used a technique 29 consisting of picking up the local ac signal with the Hall cross at the same frequency than the oscillating field h ac . Figure 2͑a͒ shows the in-phase signal ͑Ј͒ and the outof-phase signal ͑Љ͒ as a function of temperature T when the Hall cross is situated at the center of a 7-m-wide ribbon at H = 0 G, ac amplitude h ac = 1 G and frequency f = 77.5 Hz. As in the standard ac-susceptibility technique, Ј accounts for the ability of the system to screen out the oscillating field whereas Љ is related to the irreversibilities. For demonstration of the working principle, we performed SHPM ͓Figs. 2͑b͒ and 2͑c͔͒ and SSM ͓Fig. 2͑d͔͒ at the extreme end of a 9-m-wide Pb stripe after field cooling at H = 1.3 G down to T =7 K.
The two circles in Figs. 2͑b͒ and 2͑c͒ indicate the position of the vortices after field cooling. Figure 2͑b͒ was then obtained at the maximum of a h ac = 1 G ac oscillation, i.e., H + h ac ϳ 2.3 G whereas Fig. 2͑c͒ was recorded at the minimum of the oscillation H − h ac ϳ 0.3 G. The relative displacement of the vortices with respect to the equilibrium position becomes apparent. The scanning ac-susceptibility microscopy image obtained under the same ac excitation ͓Fig. 2͑d͔͒ shows that the resulting periodic oscillation of these vortices gives rise to two distinct spots corresponding to positive ͑yellowish or brighter͒ and negative ͑blue or darker͒ pickup ac signal. The physical origin of these two spots can be directly correlated with the images in Figs. 2͑a͒ and 2͑b͒. When the external field is increased, the screening currents push the vortices toward the center of the sample and consequently the Hall signal increases when scanning in those areas where vortices move into. At the same time, i.e., while h ac ͑t͒ is increasing, the signal decreases near the border of the sample. This decrease in the signal is 180°out-ofphase with respect to the excitation and therefore appears as a dark spot. The SSM signal not only detects the motion of vortices but also the oscillation of the screening current next to the sample border. This is clearly seen in Fig. 2͑e͒ where a cross section of the SSM image is shown along the dotted black line indicated in Fig. 2͑d͒ . Notice that the amplitude of the susceptibility vs position exhibits two peaks at the samples' borders. These peaks are surprising since they seem to indicate a negative screening. However, it is easy to show that they arise from an amplification of the fields at the samples' borders due to demagnetization effects.
In Fig. 3 , we illustrate further the power of this technique for visualizing the vortex mobility at different vortex con- figurations, i.e., dc fields, for the 9 m stripe at 4.2 K. The upper row shows the SHPM images whereas the bottom row shows the simultaneously acquired SSM pictures. In order to stress the contrast due to the vortex motion, in the SSM images we have subtracted the smooth background produced by the screening currents. The leftmost column of Fig. 3 , obtained at H = 1 G, shows a single vortex located at the equator of the stripe. This very symmetric position makes that the force produced by the Meissner currents running at the upper edge of the stripe cancel out the force due to the supercurrents at the lower edge of the stripe, thus leading to an almost undetectable ac signal in the SSM image. In this case, the symmetry is only broken by the current bending at the end of the stripe which induces a vortex displacement mainly in the east-west direction.
The middle column in Fig. 3 shows a five-vortex pattern obtained after field cooling at H = 1.3 G forming an inverted N-shape structure which appears as a precursor of the zigzag pattern. Interestingly, only four out of five vortices seem to move as a response to the external oscillatory field. This lack of motion of the central vortex can be understood as a result of a highly symmetric environment of both, the Meissner screening currents and the surrounding vortices. The rightmost column of Fig. 3 shows a disordered vortex zigzag pattern obtained at H = 2.5 G. The most obvious feature of this figure is the alternating vortex lattice compression and decompression in the direction perpendicular to the sample's borders as a result of the oscillating ac field. Notice that both the fully compressed and decompressed lattices still retain the zigzag structure, pointing out to the robust stability of this particular vortex distribution. This is in agreement with the wide range of field where this particular vortex pattern is observed.
As already pointed out by Campbell, vortex shaking inside the pinning potential well can only occur for moderate ac amplitudes h ac . In other words, beyond a certain oscillation amplitude, vortices can make excursions out of the pinning range. The most distinctive feature of this transition from intravalley to intervalley vortex motion is that the lowamplitude phase retains the original vortex configuration whereas in the latter, the initial vortex distribution can be altered. In order to observe this transition with single-vortex resolution, we performed a series of SHPM and SSM in the 9 m sample at fixed temperature T = 7 K and field H = 1.3 G while sweeping the ac amplitude h ac from 0 to 2 G in steps of 0.1 G. A summary of the results is shown in Fig.  4 where the upper row shows the SHPM images and the lower row shows the SSM frames. It is worth mentioning that the initial vortex distribution is obtained via a fieldcooling process thus forcing the vortices to nucleate at the pinning sites. At low amplitudes ͑first column͒, a very weak SSM contrast evidences the small amplitude of oscillation of the vortex motion inside the pinning potential. For h ac = 0.7 G ͑second column͒, the oscillatory motion of the two vortices, toward the center of the sample and perpendicular to the end of the stripe, is apparent. This oscillatory motion around the pinning potential corresponds to the Campbell regime. At h ac = 1.2 G ͑third column͒, a sudden loss of contrast in the SSM image results from the rearrangement of the vortex distribution to a more symmetric state. This transition which involves the depinning of vortices can be regarded as a local dynamically induced vortex ordering. For even higher ac amplitudes ͑fourth column͒, it is even possible to remove one of the vortices away from the sample.
It is worth noticing that in order to be able to obtain a detectable SSM signal, the scanning has to be carried out at high temperatures where pinning is relatively weak. This is at odds with the standard SHPM for which the contrast is highly improved as temperature is lowered. The question now arises at which temperature the vortex lattice is frozen in a field-cooling experiment? This is a relevant question for several techniques where field-cooling processes are typically used such as Bitter decoration or scanning Hall-probe microscopy. 10, 30 In order to address this issue, we investigated the vortex mobility via SSM in the 9 m sample, at H = 1.3 G using h ac = 1 G while decreasing temperature in steps of 0. tices follow the ac excitation. This situation changes at T = 6.9 K where one of the vortices is able to oscillate inside the pinning potential whereas the other remains nearly still. At T = 6.7 K, two weak spots are indicative of very small vortex mobility. From this panels, we can unambiguously determine that the freezing temperature is about 6.8 K in the case of an ac excitation h ac = 1 G. As expected, lower amplitudes lead to higher freezing temperatures.
It is important to mention that attempts to measure the dependence of the vortex oscillation amplitude with h ac show almost no dependence but rather a change in the contrast as shown in Fig. 4 . This might indicate that the size of the pinning center is much smaller than the superconducting coherence length.
In summary, we have introduced a technique, scanning ac-susceptibility microscopy, which permitted us to directly image the oscillatory motion of individual vortices under an external ac-field modulation. We show clear evidence that the transition from intravalley vortex motion ͑Campbell regime͒ to intervalley vortex motion passes through a dynamic ordering of the vortex lattice. Furthermore, we show that in a field-cooling experiment, the vortex lattice freezes at temperature very close to the critical temperature. This temperature could be determined accurately for 1 G modulation field. Despite the fact that superconducting stripes have been studied intensively during the last decades, we provide different insights in the vortex patterns formation and their stability. The ac-susceptibility microscopy technique has been demonstrated to be a very powerful and promising tool that could be used, for instance, to directly visualize the length scale where ac fields penetrate in a superconducting sample ͑Campbell penetration depth, critical state penetration depth, etc.͒ ͑Color online͒ Scanning Hall-probe microscopy image of a 9-m-wide stripe obtained at 4.2 K and H = 1.3 G, after field cooling ͑a͒. Panels ͑b͒-͑d͒ show scanning acsusceptibility microscopy images for the same vortex configuration than ͑a͒, at three different temperatures.
